Abstruct-.I theory of moisture movement in porous materials under temperature gradients is developed which explains apparently discordant experimental information, including (a) the large value of the apparent vapor transfer, (b) effect of moisture content on net moisture transfer, and (c) the transfer of latent heat by distillation.
INTRODUCTION
Many workers either explicitly state or give data I n recent years there has been much interest in the physics of moisture movement in porous media under temperature gradients. Apart from its significance to such problems as those of heat and moisture transfer in building materials, (thermal) insulating materials and clothing, this question is of great importance in microhydrological and micrometeorological studies. The physical theory of many microhydrological phenomena which may be safely taken to be isothermal is well advanced [Philip, 1957bl;  but analysis of such problems as the heat and moisture balance during evaporation from soils requires a n understanding of the influence of temperature gradients on soil water movement.
T o the present time a n adequate physical explanation of the growing body of experimental data on this topic has not been provided. A number of mechanisms have been invoked to account for the facts, but have not led to a plausible explanation. I n this communication we show that the facts which have provoked these speculations can be explained in terms of the classical mechanisms of vapor diffusion and liquid movement by capillarity.
The facts to be explained or reconciled may be grouped under four heads:
(a) The large value of tlze apparent vupor transfer -This aspect has received the most attention.
2 which imply that observed water vapor transport under temperature gradients greatly exceeds that predicted by the theory of vapor diffusion modified to take account both of the reduction of diffusion cross-section by the solid matrix and the liquid water and of the tortuosity of the diffusion path through the medium. Much of this work cannot be analyzed quantitatively, since either the boundav conditions are too complicated or else the data reported miss out one or more important determinants of the system. However, three groups ha~e given quantitative comparisons between observed (presumed) vapor transfer and the predictions of the 'simple theory.' These comparisons are summarized in Table 1 , to which are added the results of some further examinations of the data by the present authors.
(b) EJect of moisture content on moisture travsjer -Many investigators [e.g. Smith, 1943; Jones and Kolznke, 1952; GUTT and others, 1952; Hadley and Eisenstadt, 19551 have observed that moisture transfer under temperature gradients is negligibly small both in very dry and in very wet media, but attains a fairly well-defined maximum a t an intermediate moisture content which appears to depend both on the soil-water tension and on the air-filled porespace. Jones and Kohnke report this maximum as occurring a t tensions ranging from 60 cm (sand) t o 6000 cm (loam), corresponding to volumetric moisture contents (0 cm3 of liquid water/cm3) 0.031 t o 0.105. Other data are in general agreement. Although the simple theory predicts a point of maxi-!2 Krischev and Rohnalter, 1940; de Lrries, 1952abl have shotvn that the mechanism of qvap = -DatmvaaVp (1) vapor diffusion accounts quite adequately for the contribution of heat transfer by distillation to the apparent thermal conductivity of porous materials. These investigations did not depend on detailed use of the 'simple theory. ' (d) Effect of air pressure orz apparent vapor transfer-Molecular diffusion is proportional to the mean free path, which varies inversely with gas pressure. Jennings and others [I9521 have conh e d this behavior qualitatively for moisture transfer under temperature gradients in soils, though their data are not amenable to quantitative analysis.
The situation is, then, that the experimental data of (a) and (b) do not conform to the simple Liquid return flow (cold to hot) via external capillary presumed to equal vapor-diffusion theory, but that the aspects of the problem mentioned under (c) and (d) can be explained in terms of molecular diffusion. It is important to note that the application of molecular diffusion concepts to (c) and (d) does not involve the detailed application of the 'simple theory.'
TEE S~L E THEORY OF VAPOR TRANSPER
We need to present this theory briefly before proceeding to our explanation of these matters. The equation of vapor diffusion, modified so as to 0.690 0.541 0.521 0.503 where qva, is the vector vapor flux density, gm cm-2 sec-I Dat, is the molecular diffusivity of water vapor in air, cm2 secP1 a is a tortuosity factor allowing for the extra path length a is the volumetric air content of the medium (cm3 of air/cm3) p is the density of water vapor, gm ern+ v is the 'mass-flow factor' introduced to allow for the mass flow of vapor arising from the dzerence in boundary conditions governing the air and vapor components of the diffusion system.
Krischer and Rohnalter found that Dat, fordiffusion due to a temperature gradient could be represented by the expression 4.42 X lo4 PVlP in the range 20'-70°C, where T is the absolute temperature, OK, and P is the total gas pressure, mm Hg. Data for isothermal conditions [Mache, 1910; Summerhays, 1930 ; Sclzii-mei*, 19381 Hg. I t is by no means obvious that v will assume this value under non-stationary conditions. However the order of magnitude of the deviation of v from unity follows from (2); v is clearly quite close to 1 a t normal soil temperatures.
I n this section we show how (1) may be extended to give (a) a separation of the 'isothermal' and 'thermal' components of vapor transfer, and (b) the effect of relative humidity (or soil water pressure) on the transfer. It will be noted that these developments depend only on the proportionality of the vapor flux to the vapor-density gradient. This is retained in the revised theory presented later in the paper, so that these results (modified in the case of thermal transfer) are also relevant there.
We introduce the thermodynamic relationship [see Edlefsen and Anderson, 1943, p. 2601 
where po is the density of saturated water vapor, gm cm-% lz is the relative humidity g is the acceleration due to gravity, cm set-R (= 4.615 X lo6) is the gas constant of water vapor, erg gml O C -l \E is the water pressure in cm in thermodynamic equilibrium with the water in the medium, with atmospheric pressure as datum; thus 9 is negative in unsaturated media. I t will be noted that \E depends on 8 and on T. I n this communication we take as negligible the influence of soluble salts in the water on h and 9 (as here de6ned It < 0.6, ah/dT = 0 to a good approximation. 0, the other hand, capillarity depends on the surface tension, a dyne cm-' , so that in the region of capillary condensation \E is proportional to u and a\k/dT is equal to @/u) (daldT). We use this value of W / a T in the later developments. However, it will be found that, provided h > 0.6, the resulting temperature effect on h is so small that we may safely put ah/aT = 0. Therefore we may take ah/aT = 0 in the full range of k.
Reverting to (4), we see that p, is a function of T only and 71 is a function of 8 only. Therefore (4) becomes Using (3) to evaluate dlz/dO, we obtain Putting (6) in (I), we get an equation of the form where p, gm cm-3 is the density of (liquid) water. We have thus separated the flux into two components, that due to the temperature gradient and that due to the moisture gradient. The evaluation of the isothermal vapor diffusivity, Do,,,, has been given elsewhere [Philip, 19551 and need not detain us a t this point. Our interest is in the thermal vapor diffusivity DTvap which, according to the preceding simple theory, is given by Hence
Here we have written / 3 for dp,/dT. /3 is, of Before proceeding, we must discuss the influ-course, temperature dependent, but we may reaence of temperature on h for a constant value of 8. sonably adopt the constant value 1.05 X 1W6 gm
The roles of physical adsorption and capillary con-cm-a O C -' as representative of the temperature densation in determining the adsorption isotherm range 10°C to 30°C, which will be typical for ap-(and hence the@@) relation) of a liquid in a porous plications discussed in this paper.
.ks an illustrative example we have calculated D~~~ (and the diffusivities DTliq and D , to be defined later) for Yolo light clay on the basis of the\k(8) and K(0) relationships for this soil given by goore [1939] . Further we have adopted the following values for constants occurring in (8): a6 fora [Pe~zman, 1940; de Vries, 1950b] , 0.274 cm2 w-l for Datm a t 20°C [Krischer and Rohnaltey, , 1.73 X gm cm-3 for po a t 20°C, 1.00 for pw and 1.024 for v a t 20°C. The results are shown in Figure 1 .
The original formulation of (1) of how the theory is to be modified to a later point in this paper.
Liquid flow also enters into the general picture of soil-water phenomena involving temperature gradients. I n this section we provide a general theory of liquid movement in porous media under temperature and moisture gradients. I n the final section of the paper this is integrated with the approach to vapor transfer to provide a general theory of liquid and vapor transfer under temperature and moisture gradients.
Darcy's law for liquid transfer in unsaturated media [Ckilds and Collis-George, 19501 may be written where qliq is the vector liquid-flux density, gm cm-% sec-I K is the (unsaturated) hydraulic concluctivity, cm sec-I @ is the total potential, cm If me regard Qi as comprising pressure and gravitational components where z is the vertical ordinate, positive upwards.
It will be clear from the previous discussion that in the 0 range where liquid transfer occurs ( K > 0) 9 is determined by capillarity, hence
Using (10) and (11) in (9), we obtain where i is the unit vector in the positive z direction. Clearly (12) is of the form
We have thus separated the liquid flux into three components, that due to the temperature gradient, that due to the moisture gradient and that due to gravity. The latter two have received rather detailed treatment elsewhere [Klz.de, 1952; Phili*, 1955 ; our special interest here is with the thermal liquid diffusivity, D~l i q = Ky*. y is temperature dependent, but we may reasonably adopt the constant value -2.09 X l(r3"(5-1 as representative of the temperature range 10°C to 30°C. Using this value, and the K and* data of Moore for Yolo light clay, we then obtain the relationship for D~l i q as a function of 0 which is shown in Figure 1 .
Here we tentatively accept the validity of this theory of the liquid transfer under temperature gradients. The results of Richards and others [I9381 and Gardlzer [I9551 suggest that the temperature coefficient of \E may exceed the temperature coefficient of cr. However the experiments of both papers include extraneous factors which make this interpretation of their data uncertain.
Tlze disposition of liquid water i n fairly dry media.-Let us examine the disposition of water in a fairly dry medium, so dry, we shall suppose, that liquid continuity does not exist or is, a t any rate, so poor that K (and hence D~l i q ) assume very small values; that is, 0 < 0, where 8, is the moisture content a t which K falls to some small arbitrary fraction of its saturated value. (We use the term 'liquid' here to denote water capable of viscous flow. Of course, even when liquid continuity does not exist, the water molecules adsorbed on the surface of the matrix of the medium form bridges between the isolated pores or wedges of liquid water. According to Quirk [1955] , a complete monolayer is adsorbed on soil a t lz LX 0.20; that is, at* 31 -2.2 X lo6 cm a t 20°C.) The system will still contain liquid water, but this will occur (either wholly or almost wholly) in isolated pockets, filling small pores or forming wedges about the points of contact between the grains of the medium. Such an 'island' (as we shall call these pockets) is shown in Figure 2 .
Movement of water tlzroz~gh liqz~id isla+ds d u~ ing vapor transfer-The solid curves of Figure 2 show the two menisci of the island when it is in thermodynamic equilibrium with its surroundings. Note that the curvatures are equal. We now suppose orders of magnitude of the island dimensions, the necessary change in curvature will be so small that it is simply and rapidly attained. Moisture transfer in fairly dry media-We therb fore regard moisture transfer under temperature gradients in fairly dry media as a series-pardel process of flow through regions of vapor and liquid. The vapor flux is determined by the vapor-pressure gradient across the air-filled pores; the flux through the liquid islands adjusts itself to equal this vapor flux.
A detailed analysis based on these ideas would involve investigation of the h e structure of the temperature and vapor fields in the air-Med pores. This would be very con~plicated and is not attempted here. Instead we evaluate q, , , on the basis of certain simplifying assumptions. We emphasize that this treatment must be regarded as no more than a first approximation; nevertheless it incorporates the essential ideas outlined above and w~ill be seen to give results in fair agreement with the available experimental data.
The vapor flux density due to the temperature gradient in a single air-filled pore may be written as where (VT), denotes the temperature gradient in the pore. This expression follows immediately from equations (7) and (8) by substituting one for aa; its use presupposes similarity of temperature and vapor fields in the pore. This expression holds also for the mean flux density in all air-filled pores ii. hereafter, we reinterpret (VT), as the averag temperature gradient in these pores.
According to the ideas developed above, the total cross section available for transfer is equal to that occupied by air and liquid. We now assume that the mean flux density in the connecting liquid islands is equal to that in the air-filled pores, a concept which receives support from the abovementioned property of the islands of accommodating the vapor flux.
The total vapor flux density due to the temperature gadient is thus DTvrP now denotes the value of the thermal mpor diffusivity predicted by the revised theory. Ke introduce no tortuosity factor here since this is already taken into account in the average (VT), .
The ratio q of the vapor transfer given by the present theory to that given by the simple theory f~dlows from (71, (8) , and (15) The first factor making up q , (a + 8)/aa, is simply
We denote the second, (VT),/VT, (that is, the ratio of the average temperature gradient in the air-iilled pores to the overall temperature pdient) by the symbol [ and proceed to indicate how it may be evaluated.
De Irries [1952ab] gives a method of calculating the thermal conductivity of soils by treating the soil as a continuous medium (water or air) in which 'particles' of soil and air or water are randomly dispersed. On the basis of certain plausible assumptions about the shape of these particles, values of the ratios between the average temperature gradients in the particles and in the medium can be computed from their respective thermal conductivities. The value of j-follows immediately from these ratios and the volume fractions of the different components where (VT), , (VT), and (VT), are the temperature gradients averaged over the volunles occupied respectively by air, water, and solid.
Values of { a t 20°C calculated in this way are shown in Table 2 . Two values have been adopted for the thermal conductivity of the soil particles, namely, 7 x 10-3 cal cm-1 sec-1 " e l , which holds for most soil minerals [de Vries, 1952ab; Smith, 19421 and 20 x 10-3 cal cm-I S~C -~C -' , which holds for quartz. The values computed for quartz are shown in brackets in the table. Values of the thermal conductivities of air and water a t 20°C, 0.0615 X lW3 and 1.42 X cal cm-l sec-I "C-l, ryere used. The additional apparent conductivity of the air due to the vapor transfer A, , , was taken into account by the means indicated in the next "ction. Use of this table should give j-accurately enough for approximate application of the theory in the temperature range 10°C to 30°C. Since A,.,,, increases rapidly with increasing temperature it cannot be used for a wider range of temperatures.
Note on adsorbed phase-To this point we have neglected the possibility of transfer in the adsorbed phase. Examination of this aspect is complicated by the fact that surface migration is governed by the gradient of k rather than that of p. Part of the vapor that evaporates from or condenses 011 these surfaces may recirculate in a single air-filled pore through the process of surface migration. However, it seems unlikely to us that the total transfer can be much affected by diffusion in the adsorbed phase.
Note on levmifiology-A question of terminology arises. What we should call 'vapor' and what 'liquid' flux in this complicated series-parallel system. For some purposes there is little need to distinguish between the phases, but the distinction becomes important, for example, when the transfer of soluble salts under thermal gradients is studied.
We shall use the term 'liquid transfer' to describe the transfer which occurs exclusively in the liquid phase; all transfer in excess of the liquid transfer we shall term 'vapor transfer.' Thus in the absence of liquid continuity all transfer is vapor transfer. It is in this sense which we use D~v a p in equation (15).
Moisture transfer with liquid continuity-When ' B > 0, the preceding model fails. At moderate moisture contents continuity of both liquid and vapor phases may exist, together with islands of both phases. As B increases still further vapor continuity fails and the system comprises vapor islands in a liquid continuum. With increasing moisture content and increasing degree of liquid continuity, the liquid phase transfer due to temperature-induced capillary potential gradients becomes dominant. The decrease in vapor-induced transfer through the liquid islands may be attributed not only to a reduction in the number of islands and in the opportunity for vapor transfer, but also to a growth of the size of the 
X
islands which remain and an increase in the radii of curvature of the menisci to the point where automatic adjustment to the vapor flux is no longer possible. This system will be even more complicated to analyze than the one without liquid continuity. I t is reasonable to suppose, however, that, as 6 increases above the value 6, , the effective crosssection for combined liquid-vapor transfer will decrease steadily. This may be expressed by replacing a f 6 in (15) by a factor a + f(a)e, wheref(a) = 1 for a 2 a, ; a, denotes the value of a a t 6 = 6 , .
.-2s a f i s t approximation we tentatively propose f = a/a, ;thusf -+ O a s a + O .
In Figure 1 we show for comparative purposes DTvnp for Yolo light clay computed by means of the present theory. In the calculations we assumed that the sand fraction of the soil (23.8 per cent) consisted of quartz; we also used the value 6, = 0.2, in accordance with Moore's data. The corresponding q(a) relationships for Yolo light clay is shown by the curve of Figure 3 . We recognize the uncertainty of the basis for computing q for a < a, by using a broken curve in this region.
We are now in a position to explain and reconcile the experimental data introduced a t the beginning of this paper.
(a) The large value of the a$parent vapor transfer -None of the methods employed by the experimenters listed in Table 1 distinguishes between pure vapor transfer and series-parallel transfer through a vapor continuum and liquid islands. (To the tabulated list we may add the technique of Hadley and Eisettstadt [1955] , who attempted to distinguish the phases by using a radioactive tracer salt.) I n other words, rather than distinguish& phases, these methods indicate as liquid phase movement only that which occurs exclusively i, the liquid continuum; that is, the definitions af liquid transfer and vapor transfer we adopt agree with the suppositions of the experimenters.
The data of Rollins and others 119541 are the most suitable for a comparison of theory and aperiment, since no appreciable liquid Bow from cold to warm occurred in their columns, the and the warm side being connected by a capillaV tube with a resistance to liquid flow small in camparison with the resistance of the column itself. AS a consequence moisture was fairly evenly distributed in the columns throughout the e~i -ments and in most experiments no moisture gradient existed in the center part of the column. 'Experimental' values of 7 deduced directly from their data are given in Table 1 and shown by O P~ circles on Figure 3 . The corresponding values r](a) predicted by the present theory (that is, CODputed from the data of Rollins and others [19~] on porosity, etc.) are shown by crosses. For computing points a t small a, it was necessary to assume a value of a,(0.2), since no* or K data were given for the silt loam of these experiments, and to adopt the values off suggested in the previous sectiw. The agreement between the experimental points and the theoretical values is quite satisfactory in view of the approximate character of the analysis and the possible experimental errors, which se estimate to be of the order of five to ten per cent. No explanation can be offered for the comparatively large discrepancy a t a = 0.51; the experimental value for this case appears to be rather high in comparison with the other experimental data. For a = 0.078 the differences between observed and calculated values may be caused by the fact that the contribution of liquid flov ( = -DT,~,VT) has not been taken into account.
This cannot be checked, however, as no data on D~l i~ are available for this soil. The single experimental value of q given by Gurr and others [I9521 is also in good agreement with the value computed from our theory. These are shown by the triangle and the corresponding cross on Figure 3 . This may be partly fortuitous since the experimental value is an average over five days with changing moisture distribution. However, the vapor transfer was calculated by Gurr and others [I9521 for "the plane a t which the initial water content remained unchanged."
The large values of q deduced from the experimerits of Taylor and Cavazza have not been in&ded in Figure 3 since the analysis of these experiments is greatly complicated by the presence d air gaps in the soil columns. From an estimate d the thermal conductivities of the soil slices we dculate the temperature gradient in these gaps to be about four times as large as the mean temprature gradient. This leads to a calculated vapor flu across the gaps adjoining the central slice approximately ten per cent higher than the observed flux. This could mean that the central slices act as .&nds' with moderately low resistance to moisture flow. In fact the observed moisture gradients in the slices would cause a flow from warm to cold. \ Ve stress, however, that these experiments cannot be analysed quantitatively on the basis of be available data.
We revert to the experiments of R o l l i~s and others [I9541 to remark on the influence of temperature on the observed vapor transfer. These authors measured vapor transfer in the same columns (that is, at the same values of a and 8) over diferent temperature ranges; namely 40°C -2OC, 30°C -2'C, 20°C -1°C, and 10" -O°C. The temperature coefficient of the observed vapor traGfer was only slightly smaller than that given by the simple theory, but agreed even better with that predicted by the present theory, this being due to a small negative temperature coefficient of y.
(b) Effzt of moistwe co?ttei,t on gzet ?noislure lransfer-Before explaining the data of Smith [19U] , Jones and Kohlzke [1952] , Gun, and others [I9521 on the variation of thermal moisture transfer with mean initial moisture content, we recall that these experiments were on closed systems, so that their observations were not of total moisture transfer, but of the net transfer. When the mean moisture content was so low that no liquid continuity existed in the column (and this was so for the drier columns of these experiments), the net transfer observed was in fact equal to the total transfer. At this moisture level transfer will be exclusively vapor transfer (using the terminology ne propose), so that the transfer increases rapidly with moisture content rather like D~v a p . Since in each column there will exist a range of 8, which increases with the net transfer, the experimental results will tend to represent a smoothed D~v a p CUNe.
This situation changes radically once 8 exceeds 9,. Then a liquid phase return flow produced by the moisture gradient will tend to balance the thermal vapor transfer and reduce the net transfer. This will begin to operate when part of the column attains a moisture content greater than 9, , and we should expect net transfer to decrease rapidly as 8 increases, until it becomes effectively zero when the mean 8 is a little in excess of 8,. I t follows that the maximum net transfer will occur a t a mean 8 somewhat less than 8, ; exactly how much less than 8, will depend, among other things, on the length of the column and the duration of the experiment.
We recall the data of Jones and Rohnke and other investigators on the effect of texture on the point of maximum observed net transfer; namely, that this point occurs a t small tensions but rather lorn-moisture contents in coarse-textured soils, while in fine-textured soils it occurs a t greater tensions but a t relatively high moisture contents. The effect of texture on 8, is entirely parallel to this [Moore, 19391. This parallelism may seem fortuitous; however, the preceding discussion of the relationship between 8, and the point of maximum transfer suggests the existence of a real physical relationship.
I t is thus seen that the present theory accounts both for the rapid increase with mean moisture content up to the point of maximum net transfer and for the steep decrease as 0 increases further.
It also explains the way in which the effect of mean moisture content on net transfer varies with soil texture.
(c) The tva~tsfer of latent heaf by distillatio?zAccording to the simple theory the heat flux by distillation would be - LD,t,,vaahpVT where L is the latent heat of vaporization of water. A similar expression was given by de Vries [1950a] in a first attempt to assess the influence of vapor diffusion on heat transfer in soils.
In subsequent papers de fries [1952ab] developed a method of calculating the thermal conductivity of soils from their composition. Here a more rational method of taking the distillation effect into account, first suggested by Krischer and Rokfzalter [1940] , was adopted. In this method the contribution of vapor distillation to the heat transfer is first calculated for the air-iilled pores separately. It follows immediately from (14) that this produces an apparent increase of the thermal con- This theory predicts thermal conductivities for a wide variety of soils and for the temperature range 0 to 7S°C in good agreement with experimental data. (A difficulty arises in computing X in a narrow range of low moisture contents for reasons unrelated to the present discussion. We refer to the original papers for treatment of this point.)
This second theory of the distillation effect is seen to be entirely consistent with the present theory of thermal moisture transfer. I n principle one should also take into account sensible heat transfer by liquid flow through the islands. This can easily be shown to be negligible.
(d) Effect of air pressure oft apparent vapor tramfer-The explanation of the data of Jelzlzifigs and others [I9521 involved the concept of vapor diffusion as the governing mechanism and depended only on this aspect of the simple theory. The present theory retains this concept and therefore agrees just as well with the observation that transfer decreases as gas pressure increases.
The situation, then, is that the present theory retains the concept of vapor diffusion as the governing mechanism of transfer (at least in dry soils), which had received support from the observations of (c) and (d), and a t the same time provides a quite comprehensive (and reasonably quantitative) explanation of the apparently conflicting evidence presented under (a) and (b).
Relation of the preselzt theory to that of Smith [1943] -There are certain points of similarity between the present theory and that of Smith [1943] . The distinction is, essentially, that Smith envisaged the process of vapor distillation as triggering off the transfer in a series of discrete steps, while it appears to us that the process will very rapidly become continuous. By treating it as such we have been able to make this first attempt a t analyzing the phenomenon quantitatively. I n addition, we have, of course, attempted to take into account the h e structure of the temperature field in the medium.
We conclude this paper by presenting the system of equations which describe moisture and heat transfer under combined moisture and temperature gradients in porous materials. We begin by revert. ing to (7) for the vapor transfer, which \ve previously derived from the simple vapor theory; Re now require to reinterpret the diffusivities of (7) in terms of the present theory.
The simple theory gives for the isothermal vapor diffusivity
The mechanism of transfer operating in the ther. ma1 case fails here, since the vapor pressure gradient is now due solely to the moisture gradient, and, in general, very small changes in the curvature of a meniscus will be sufficient to reverse the direction of vapor movement. Accordingly, the simple theory may be expected to hold reasonably well for isothermal vapor transfer, that is, the valua of D8v. p given by PIzilip [I9551 and (19) should be reasonably correct. (The DvnP of Philip [I9551 corresponds to Dovap here. He omitted the factor v (which, as we remark above, is close to unity for most applications to nature) and also the factor l/p, , so that although numerically correct, his DvaP , as it stands, is in the units gm cm-I sec-1.) This view is supported by the data of Sfuple and Lehane [1954] .
We also use here (12) and (13), describing liquid phase movement. Combining (13) with (7) ae obtain where q gm cm* sec-' is the total flux density oi water, and D , , the thermal moisture diffusivity, has been computed for our illustrative Yolo clay and is shown in Figure 1 . The relative constancy of D, over a large part of the 0-range must be regarded as a coincidence due to the fact that in this case the maximum values of DTliq and D T~~~ are of about the same order of magnitude. We expect that in coarser-textured soils than the Yolo light clay the maximum value of D T l iq will exceed the maximum of D T~~~ and tend to dominate the shape of D,.
Conversely, our expectation is that D,vsp would be more important in finer-textured soils and would largely determine the shape of D , . D, , the isothermal moisture diffusivity, has been discussed elsewhere [Philip, 19551. Differentiating (20) and applying the contiiluit!' requirement, we obtain the general differential ,,quation describing moisture movement in porous under combined temperature and moisture gradients ~q .
(23) depends, among other things, on the uniqueness of the Q(0) relation. The existence of hysteresis inQ(6) [Haines, 19301, which at where C cal cm-3 "C-I is the volumetric heat capacity of the soil and X cal se~-' cm-I OC-I is the thermal conductivity (including the thermal distillation effect). Eq (24) is more general than the customary equation, the second term on the righthand side representing distillation effects induced by the moisture gradient. I t will be noted that (23) and (21), both equations of the diffusion type involving 0-and T-dependent diffusivities and conductivities as well as gradients of both 0 and T, together govern the simultaneous moisture and heat fields in the soil.
